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The proper patterning of somites to give rise to sclerotome, dermomyotome, and myotome involves the coordination of many different
cellular processes, including lineage specification, cell proliferation, cell death, and differentiation, by intercellular signals. One such family
of secreted signaling proteins known to influence somite patterning is the Wnt family. Although the participation of Wnt-3a in the patterning
of dorsal structures in the somite is well established, no clear consensus has emerged about the cellular processes that are governed by Wnt-3a
in the somite. The recent demonstration that Wnt-3a has a proliferative role in the neural tube [Development 129 (2002) 2087] suggested that
Wnt-3a might also act to regulate proliferation in somites. To test this hypothesis, we first analyzed the effects of Wnt-3a on segmental plate
and somite explants (from Hamburger and Hamilton stage 10 chick embryos) grown in culture. These studies indicate that Wnt-3a is capable
of maintaining and/or inducing expression of both Pax-3 and Pax-7, transcription factors that have been implicated in proliferation. To
directly test for a role in proliferation, explants were immunostained with antibodies against phospho-histone H3. Explants treated with Wnt-
3a show an increase in the percentage of cells expressing phospho-histone H3 as compared to controls. To test the proliferative effect of Wnt-
3a in vivo, we ectopically expressed Wnt-3a in chick neural tubes via electroporation. Consistent with previous studies, ectopic expression of
Wnt-3a in vivo results in a mediolateral expansion of the dermomyotome and myotome. We now show that proliferation of dorsal/
dermomyotomal cells is significantly enhanced by ectopic Wnt-3a. Collectively, our explant and in vivo studies indicate that an increase in
proliferation plays an important role in the expansion of the dermomyotome and myotome in Wnt-3a-treated embryos. Furthermore, our
results demonstrate that small changes in proliferation can dramatically influence patterning and morphogenesis.
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Introduction trulation. Newly formed somites mature in an anterior toSomites are the segmented building blocks of the devel-
oping trunk that are generated by epithelialization of the
segmental plate (for review, see Christ and Ordahl, 1995;
Keynes and Stern, 1988; Ordahl et al., 2000). During
embryogenesis, somite pairs are formed at a rate of approx-
imately 1 pair/100 min at the anterior end of each segmental
plate while cells at the posterior end of the segmental plate
are replenished by mitosis and cell ingression during gas-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: LBurrus@sfsu.edu (L.W. Burrus).posterior wave such that anterior somites are more mature
while posterior somites are less mature. By convention, the
most recently formed somite is designated as somite I while
more mature somites are numbered in ascending order
(Ordahl, 1993). As is the case with the segmental plate,
cells in somites I–III are largely uncommitted and undif-
ferentiated. If these somite cells are exposed to a new
environment (for instance, by rotating the somite such that
the position of the dorsal and ventral halves have been
reversed), they will differentiate according to the signals
specified by their new environment (Aoyama and Asamoto,
1988; Dockter and Ordahl, 2000). Somites IV–VI exhibit
the first signs of differentiation; the delamination of cells to
form the ventral mesenchymal sclerotome, which will give
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the remaining epithelial cells to form the dermomyotome.
Subsequent maturation of the dermomyotome into the
myotome and dermatome yields skeletal muscle and dermis,
respectively. The dorsomedial lip (DML) of the dermomyo-
tome gives rise to the epaxial myotome, which ultimately
matures into skeletal muscle of the back (Denetclaw et al.,
2001; Ordahl et al., 2001), while the ventrolateral lip (VLL)
will generate the hypaxial myotome, which gives rise to
body wall and limb muscle (Cinnamon et al., 1999; Denet-
claw and Ordahl, 2000).
Embryological studies in the chick and quail have
revealed several sources of inductive signals, including the
neural tube, notochord, and ectoderm, which are thought to
play roles in myotome development (Amthor et al., 1999;
Borycki et al., 1998; Brand-Saberi et al., 1993; Buffinger
and Stockdale, 1994; Cossu et al., 1996; Dietrich et al.,
1997; Fan and Tessier-Lavigne, 1994; Hirsinger et al., 1997;
Kenny-Mobbs and Thorogood, 1987; Maroto et al., 1997;
Mu¨nsterberg and Lassar, 1995; Pownall et al., 1996; Reshef
et al., 1998; Rong et al., 1992; Spence et al., 1996; Stern and
Hauschka, 1995; Stern et al., 1995; Xue and Xue, 1996).
Further experiments suggest that signals from the dorsal
neural tube are involved in the patterning of the epaxial, but
not the hypaxial myotome (Cossu et al., 1996; Spo¨rle et al.,
1996).
As Wnts are known to be potent secreted signaling
proteins that are involved in a variety of developmental
processes, the expression of Wnt-1, Wnt-3, and Wnt-3a in
the dorsal neural tube of developing chick and mouse
embryos has generated a substantial amount of interest in
their possible roles in the development of the epaxial
myotome. As such, it has been shown that ectopic expres-
sion of Wnt-1, Wnt-3, or Wnt-3a is sufficient to increase
levels of dermomyotomal markers such as Pax-3 and Pax-7
(Fan et al., 1997; Maroto et al., 1997; Mu¨nsterberg et al.,
1995). These Wnt family members, either alone or in
combination with Shh, are also able to maintain and/or
induce the expression of muscle markers including MyoD,
myogenin, and myosin heavy chain (Capdevila et al., 1998;
Mu¨nsterberg et al., 1995; Stern et al., 1995; Wagner et al.,
2000). Knockout studies performed in the mouse further
demonstrate that Wnt-1 and Wnt-3a are required for the
establishment of the medial compartment of the dermomyo-
tome. The loss of the medial dermomyotome in these mice
is also accompanied by a slight reduction in the levels of
Pax-3 and Myf-5 transcripts as well as a disorganized
myotome (Ikeya and Takada, 1998).
Despite the wealth of data regarding the activities of
Wnt-1, Wnt-3, and Wnt-3a in the developing somite, the
mechanism(s) by which these Wnts contribute to the for-
mation of the dermomyotome and myotome remains un-
clear. Do Wnts cause the expansion of the myotome by
enhancing myogenesis? Do Wnts act to specify dorsal
lineages at the expense of ventral lineages? Do Wnts
contribute to the generation of the dermomyotome and themyotome by promoting the proliferation and/or survival of
dorsally fated cells? Or do Wnts act by delaying the terminal
differentiation of cells in the dermomyotome and myotome?
The ability of Wnt-1 and Wnt-3a to enhance proliferation in
the neural tube (Megason and McMahon, 2002) led us to
hypothesize that Wnt-3a has a proliferative role in somites.
In this paper, we use newly available reagents, including
soluble Wnt-3a (Shibamoto et al., 1998; Willert et al.,
2003), monoclonal antibodies against Wnt-3a, a Wnt-3a
electroporation construct, and antibodies against various
somite markers (Bader et al., 1982; Kawakami et al.,
1997; Yablonka-Reuveni and Paterson, 2001), to determine
whether Wnt-3a does indeed have a proliferative role in
chick somite patterning. Wnt-3a dramatically increases the
levels of Pax-3 and Pax-7 protein in explant cultures. Wnt-
3a also increases cell proliferation in explants while having
no effect on cell death. In complementary experiments per-
formed in vivo, the ectopic expression of Wnt-3a throughout
the right half of the neural tube by electroporation causes a
mild mediolateral expansion of the dermomyotome and a
dramatic enlargement of the myotome in adjacent somites
48 h post-electroporation. The expansion of these structures
is preceded by an increase in the proliferation dorsal/dermo-
myotomal cells at 24 h post-electroporation. Cumulatively,
our explant and in vivo data suggest that the increase in
proliferation of dorsal/dermomyotomal cells drives the
mediolateral expansion of the dermomyotome and the
myotome.Materials and methods
Materials
Materials and their respective vendors are as follows:
anti-Pax-7 Mab, MF-20 anti-Myosin heavy chain MAb
(Developmental Studies Hybridoma Bank); paraformalde-
hyde (Electron Microscopy Sciences); chick embryo extract,
trypsin (Gibco-BRL); fetal bovine serum (Hyclone); a-
MEM (Mediatech); goat-anti-mouse IgG (H + L) Cy3, goat
anti-mouse IgG (H + L) Cy5, goat-anti-rabbit IgG (H + L)
FITC, goat-anti-rabbit IgG (H + L) Cy3 (Jackson Labs);
slowfade light antifade kit (Molecular Probes); RT-PCR kit,
RNAse-free DNAseI, Rneasy Mini Kit (Qiagen); In Situ
Cell Death Detection Kits with fluorescein and Texas
methyl red (Roche Biochemicals); insulin, Tyrode’s solution
(Sigma); anti-h-catenin MAb (BD Biosciences); anti-phos-
pho-histone H3 PAbs (Upstate Technologies); and Sylgard
(Dow Corning).
Dr. Charlie Ordahl (UCSF) and Dr. Marianne Bronner-
Fraser (Cal Tech) generously provided the anti-Pax-3 MAb
while Dr. Sean Megason and Dr. Andy McMahon (Harvard
University) were kind enough to share their electroporation
construct (pCIG) with us. Dr. Andy McMahon also provided
the mouseWnt-3a cDNAwhile Dr. Rudi Balling donated the
quail Pax-1 cDNA.
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As the longest available chick Wnt-3a cDNA did not
have a signal peptide (Kawakami et al., 2000), we deter-
mined the site of the predicted peptide signal cleavage site
in both mouse and chick amino acid sequences and
appended the cDNA encoding the mouse Wnt-3a signal
peptide onto the chick Wnt-3a cDNA. Proper processing of
the resultant protein in the endoplasmic reticulum should
result in a mature protein that is entirely chick derived
(Nielsen et al., 1997).
Preparation and culture of segmental plate and somite
explants
Hamburger and Hamilton stage 10 chick embryos (10–
12 somites) were harvested and rinsed in Tyrode’s solution
(Hamburger and Hamilton, 1951). Embryos were pinned
onto a Sylgard coated dish (dorsal side up) and lightly
treated with trypsin. Using electrolytically sharpened tung-
sten knives, the posterior end of the segmental plate was
dissected away from the neuroepithelium. Moving anterior-
ly, somites I–VI were also pulled away from the neural tube
and notochord. The surface ectoderm was peeled back to
expose the segmental plate and somites. These tissues were
then dissected away from intermediate mesoderm and
pulled-free from the embryo. Growth medium consisted of
a-MEM medium supplemented with 15% fetal bovine
serum, 2.5% chick embryo extract, 1 penicillin/strepto-
mycin, 4 mM glutamine, and 400 ng/ml insulin. Explants
were cultured in equal volumes of growth medium and
either control conditioned medium or Wnt-3a conditioned
medium (Shibamoto et al., 1998). When using purified Wnt-
3a (Willert et al., 2003), explants were cultured in equal
volumes of growth medium and control conditionedmedium.
Equivalent volumes of either control buffer (PBS containing
1 M NaCl and 1% CHAPS, pH 7.3) or purified Wnt-3a were
then added to the culture medium. The final concentration of
purified Wnt-3a in the assay was 2 nM. Explants were
cultured for either 24 or 48 h in humidified 37jC incubators
with 5% CO2. Due to limited quantities of purified Wnt-3a,
we were not able to use purified Wnt-3a for all replicates of
the explant experiments. All explant experiments were per-
formed at least once with purified Wnt-3a. Indistinguishable
results were obtained with Wnt-3a conditioned medium and
purified Wnt-3a.
RT-PCR
RNAwas purified from explant cultures according to the
Rneasy Mini Kit protocol, with the optional addition of
DnaseI. RT-PCR was performed according to RT-PCR kit
protocol on a GeneAmp PCR System 2400. Control reactions
in which either template or the reverse transcription reaction
was omitted were performed for every sample. Purified RNA
concentration was determined by a spectrophotometer and
L.M. Galli et al. / Developmethen the GAPDH products were normalized before using
the other primer sets. PCR reactions were subjected to
electrophoresis on a 2.5% agarose gel. The following
primer sets were used: GAPDH (Dugaiczyk et al., 1983)
5V-AGTCATCCCTGAGCTGAATG-3V and 5V-AGGAT-
CAACTCCACAACACG-3V, product size 320 bp; Pax-1
5V-GCTGGGTGGTGTCTTCGTGAAC-3V and 5V-
ACTGGTAAAGGGGGTTGTAGGG-3V, product size 452;
Pax-3 (Maroto et al., 1997) 5V-TGGAGCCCACCAC-
CACTGTC-3V and 5V-AACACCAGCTTAACTTGAAG-
3V, product size 215 bp; Pax-7 5V-CCAACCACATCCGC-
CATAAG-3V and 5V-TCCTCCTCTTCCTCTTTCTTCCC-
3V, product size 355 bp; Myf-5 5V-AGGGAACAGGTG-
GAGAACTA-3V and 5V-TCATAGCGCCTGGTAGGTCC-
3V, product size 340 bp; MyoD 5V-ACTACACGGAAT-
CACCAAATGACC-3V and 5V-AAGGAATCTGGGCTC-
CACTGTC-3V, product s ize 204 bp; MHC 5V-
CACAAAAGAACCTGAGAAACACACAAG-3V and 5V-
ATTGCGGGCTTCCTGGATGG-3V, product size 335 bp.
RT-PCR experiments were performed a minimum of five
times from samples prepared on at least four different dates.
Electroporations
After windowing eggs, India Ink diluted in Tyrode’s
solution was injected underneath the embryo to enhance
visualization. After making a small tear in the vitelline
membrane at the site of injection, embryos were overlaid
with 1 ml of 1 penicillin/streptomycin diluted in Tyrode’s
solution. Hamburger and Hamilton stage 11–14 chick
embryos were injected in the neural tube at the level of
segmental plate with a solution containing DNA (final
concentration 1–2 mg/ml), fast green dye (400 ng/ml) and
high-viscosity carboxymethyl cellulose (3 Ag/ml). Home-
made electrodes constructed with 100-Am (diameter) plat-
inum wires that were spaced 4 mm apart were used for the
electroporations. Embryos were electroporated with four
50 ms pulses at 30 V with a BTX square wave generator.
The embryos were incubated for either 24 or 48 h,
harvested and fixed in PBS containing 4% paraformalde-
hyde for 1–2 h at 4jC. Embryos were washed twice with
PBS, incubated in PBS containing 5% sucrose and 0.01%
NaN3 for at least 3 h, and then incubated in PBS containing
15% sucrose and 0.01% NaN3 overnight. Embryos were
then equilibrated in PBS containing 15% sucrose and 7.5%
gelatin at 40jC for 1–4 h, oriented at room temperature and
then frozen in liquid nitrogen. Serial sections (25–40 Am)
were cut on a Leica cryostat.
Immunostaining of explants and tissue sections
Explants were fixed onto slides by fixing for 30 min in
PBSMC (PBS with 1 mM MgCl2 and 180 AM CaCl2)
containing 4% paraformaldehyde. Slides were then washed
twice in PBSMC before immunostaining. For tissue sec-
tions, slides were degelatinized by washing in PBS at 50jC
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types of experiments were then blocked for 1 h in blocking
buffer [3% sheep serum in PBSMC (for explants)/PBS (for
sections) with 0.1%Tween]. Slides were incubated in pri-
mary antibody diluted in blocking buffer overnight at 4jC
and then washed two to four times in PBSMC/PBS plus
0.1% Tween. The slides were blocked for 30 min and
incubated in secondary antibody diluted in blocking buffer
for 2 h at room temperature. They were then washed four
times in PBSMC/PBS plus 0.1% Tween, post-fixed in 4%
paraformaldehyde in PBS and mounted in slowfade. Immu-
nostaining of explants with antibody against Pax-3 was
performed on two independent samples. All other immu-
nostaining experiments were performed on a minimum of
three independent samples.
In situ hybridization of electroporated embryos
Digoxigenin-labeled antisense probe for Pax-1 was made
by transcribing XbaI-linearized cDNA with T3 RNA poly-
merase. Whole-mount in situ hybridizations were performed
as previously described (Baranski et al., 2000).
Cell death assay (TUNEL)
For somite explants, the slides were fixed in 4% para-
formaldehyde in PBSMC for 1 h at room temperature. For
cryostat sections, sections on slides were degelatinized for
10 min in PBS at 50jC before initiating TUNEL protocol.
Both sets of slides were washed in PBSMC (for explants)/
PBS (for tissue sections) for 30 min at room temperature.
The samples were permeabilized in 0.1% Triton X-100,
0.1% sodium citrate for 2 min on ice and washed twice in
PBSMC/PBS. The TUNEL reaction mixture was added to
the slide and covered in parafilm (for the negative control
only the labeling solution was added without the enzyme
solution). The slides were incubated in a humidified cham-
ber at 37jC for 1 h, washed three times in PBSMC/PBS,
fixed in 4% paraformaldehyde and mounted in Slowfade.
Explant cultures were incubated with 100 pg/ml DAPI
before fixation. TUNEL analysis was performed on four
independent explant samples. For electroporated embryos,
we measured apoptosis in 11 sections from two 24 h post-
electroporation embryos and 21 sections from two 48 h post-
electroporation embryos.
Confocal microscopy
For confocal microscopy, specimens were excited using
the 488-nm line of an argon ion laser for visualization of
GFP, the 543.1-nm line of a green helium–neon laser for
visualization of Cy3, and the 647-nm line of the red
helium–neon laser for visualization of Cy5. Fluorescence
emission was captured a Nikon E600 Physioscope attached
to the Nikon PCM2000 confocal laser scanning unit. Images
were collected with 10, 20, and 60 objectives. The C-Imaging Simple32 software (Compix, Inc.) controlled the
confocal microscope for zeta-axis image acquisitions. Ado-
be Photoshop version 5.0.2 was used for final image data
processing.
Quantitation of proliferation
For explant studies, random fields for the quantitative
analysis were chosen with the DAPI filter in place. Repre-
sentative random fields are shown in Figs. 3A and B. As
somites IV–VI demonstrated the least significant increase in
proliferation upon addition of Wnt-3a, these images were
counted by two investigators. The images were coded
before being counted ‘‘blind’’ by one of the investigators.
Identical results were obtained by both investigators. The
data presented in Fig. 4 represent measurements from a
single investigator.
For the analysis of proliferation in vivo, we excluded
sections from our data set that had a notochord width/height
ratio of over 1.7. As the notochord is a perfectly circular
structure (B. Christ, personal communication), the width/
height ratio of a true transverse section should be 1.0. It was
important to eliminate grossly skewed sections due the
segmented nature of somites and the existence of prolifer-
ative waves in paraxial mesoderm along the anterior/poste-
rior axis (S. Venters, personal communication). The areas
and numbers of proliferative cells were measured by two
investigators. For sections derived from embryos that were
24 h post-electroporation, ‘‘blind’’ measurements were
performed by one of the investigators. To generate the blind
study, the GFP channel was removed from the image and
the left/right axis was flipped in nearly half of the images
before counting. It was impossible to similarly code sections
from embryos that were 48 h post-electroporation as the
phenotype was too overt. Both investigators reached identical
conclusions. Data shown in Fig. 10 represents the compila-
tion of the measurements of a single investigator (the two sets
of data were nearly identical; for the 24-h embryos, we are
showing the measurements that were obtained in the ‘‘blind’’
study).
Statistical analysis
Statistical analysis was carried out using the Statistical
Analysis System software package (SAS, Cary, NC, version
8.0). Analysis of covariance was performed to determine the
significance of treating explant and in vivo samples with
Wnt-3a. For the explants experiments, the date that the
experiment was performed was considered to be a con-
founding factor. Although the trend for Wnt-3a-treated
explants was always conserved on different dates, there
was significant variation in the absolute values. For the in
vivo experiments, the embryo from which the data was
obtained was included as a confounding factor. Once again,
although the trend for Wnt-3a-treated embryos was con-
served, there was significant variability among different
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and in expression levels). Pairwise comparisons were per-
formed using Student’s t test while multiple comparisons
were performed using Tukey–Kramer method.Results
Adjacent tissues are required for the maintenance of marker
gene expression
Before testing the role of purified Wnt-3a on explant
cultures, we first needed to establish baseline expression
levels for dermomyotomal (Pax-3, Pax-7), myotomal (Myf-
5, MyoD, MHC), and sclerotomal (Pax-1) markers. Consis-
tent with previously published data (Gerhart et al., 2000;
Goulding et al., 1994; Hirsinger et al., 2001; Kiefer and
Hauschka, 2001; Maroto et al., 1997; Williams and Ordahl,
1994), our results from RT-PCR indicate that transcripts for
Pax-3, Pax-7, Myf-5, and MyoD are present in the paraxial
mesoderm at all axial levels examined in stage 10 embryos
at day 0 of incubation (Fig. 1). Pax-1 was expressed in
somites I–III and IV–VI, but not in the segmental plate
(Fig. 1; Barnes et al., 1996; Brand-Saberi et al., 1993;Fig. 1. Tissues adjacent to somites are required for the maintenance of somite mar
somites IV–VI from HH stage 10 embryos were dissected away from all adjacen
RLT buffer (day 0 samples) while explants from the opposite side of the embryo w
RNA was purified and subjected to RT-PCR using primer sets as indicated. As a
samples. Control reactions, in which either template or the RT reaction was omi
minimum of five times from four independently generated samples.Johnson et al., 1994). As expected, Myosin heavy chain
transcripts were not detected at any axial levels (Fig. 1).
Positive controls in which RNA from HH stage 23 embryos
was amplified demonstrated that ourMHC primers yielded a
product of the expected size (data not shown). As it is well
documented that adjacent structures are required to maintain
expression of these genes in culture (Fan and Tessier-
Lavigne, 1994; Maroto et al., 1997; Mu¨nsterberg and
Lassar, 1995), we performed RT-PCR on explants that had
been cultured for 2 days to confirm that we did indeed
observe a reduction in the levels of these transcripts.
Because slight differences in embryonic stages can show
variances in gene expression, samples were paired such that
paraxial mesoderm from one side of the embryo was used
for day 0 samples while paraxial mesoderm from the
contralateral side of the same embryo was used for day 2
cultures. Consistent with results from other groups (Maroto et
al., 1997; Mu¨nsterberg et al., 1995), we found that Pax-3,
Pax-7, Myf-5, and MyoD transcripts were substantially di-
minished after 2 days in culture. Pax-1 expression exhibited a
reproducible slight increase in segmental plate cultures, while
it showed a marked decrease in somites I–III and IV–VI.
These data confirm the requirement of adjacent tissues for
normal expression of somitic markers.ker gene expression in explant cultures. Segmental plate, somites I– III, and
t tissues. Explants from one side of the embryo were immediately frozen in
ere cultured for 2 days as described in Materials and methods. Dnase-treated
n internal control, the levels of GAPDH were normalized for each pair of
tted, were performed for all samples. These experiments were replicated a
ntal BWnt-3a can maintain and/or induce expression of dorsal
somite and myogenic mRNAs
To test the ability of Wnt-3a to maintain and/or induce
dorsal somite and myogenic gene expression, we cultured
explants in the presence or absence of Wnt-3a for 2 days.
Once again, samples were paired such that paraxial meso-
derm from one side of the embryo was used for control
samples while paraxial mesoderm from the contralateral side
of the same embryo was used for Wnt-3a-treated cultures.
At all three axial levels tested, the addition of Wnt-3a
caused an increase in the levels of Pax-3, Pax-7, Myf-5,
and MyoD transcripts (Fig. 2). In contrast to data obtained
from explant cultures with Wnt-expressing cells (Mu¨nster-
berg et al., 1995), Wnt-3a had no positive effect on MHC
levels (Fig. 2). Wnt-3a also had no positive effect on Pax-1
expression (Fig. 2). Because there is little or no expression
of Pax-1 or MHC transcripts after 2 days of culture in the
absence of axial structures (Figs. 1 and 2), the ability of
Wnt-3a to inhibit Pax-1 or MHC expression was not tested
in this experiment. These results demonstrate that Wnt-3a is
sufficient to maintain and/or induce the expression of Pax-3,
Pax-7, Myf-5, and MyoD.
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IV–VI from HH stage 10 embryos were dissected away from all adjacent tissues. E
while explants from the contralateral side of the embryo were cultured in the pres
using primer sets as indicated. As an internal control, the levels of GAPDH we
template or the RT reaction was omitted, were performed for all samples. These ex
generated samples.Wnt-3a can maintain and/or induce expression of dorsal
somite proteins, but not myogenic proteins
Because transcript levels do not always accurately reflect
protein levels, we also immunostained explants for Pax-3,
Pax-7 (Kawakami et al., 1997), MyoD (Yablonka-Reuveni
and Paterson, 2001), and MHC (Bader et al., 1982). Con-
sistent with our RT-PCR experiments, Pax-3 and Pax-7 were
strongly expressed in the nuclei of Wnt-3a-treated explants
(Figs. 3A–D).
However, no increase in protein levels was detected for
either MyoD or MHC (Figs. 3E–H). Our data contrasts with
data obtained from explants with Wnt-1 expressing cells
showing that Wnt-1 is able to induce MHC expression
(Stern et al., 1995). To confirm our ability to immunostain
MyoD and MHC in explant, we cultured somites in the
presence of adjacent structures (neural tube, notochord,
ectoderm, lateral plate mesoderm) for 48 h and observed
robust induction of MyoD and MHC (Fig. 3I). The ability of
Wnt-3a to maintain and/or induce MyoD transcripts, but not
MyoD protein suggests that myogenesis is not the principal
effect of Wnt-3a and that additional layers of regulation
exist.
iology 269 (2004) 489–504enic genes in explant cultures. Segmental plate, somites I– III, and somites
xplants from one side of the embryo were cultured in the absence of Wnt-3a
ence of Wnt-3a. Dnase-treated RNA was purified and subjected to RT-PCR
re normalized for each pair of samples. Control reactions, in which either
periments were replicated a minimum of five times from four independently
Fig. 3. Wnt-3a maintains and/or induces the expression of Pax-3 and Pax-7 protein, but not MyoD or MHC. Somites I– III from HH stage 10 embryos were
dissected away from all adjacent tissues. Explants from one side of the embryo were cultured in the absence of Wnt-3a (A,C,E,G) while explants from the
contralateral side of the embryo were cultured in the presence of Wnt-3a (B,D,F,H). As a positive control for MyoD and MHC immunostaining, somite explants
were cultured in the presence of all adjacent structures, including ectoderm, neural tube, notochord, and lateral plate mesoderm (I). Explants were grown on
gelatin coated eight-well microscope slides before immunostaining with the designated antibodies. Pax-3, Pax-7, and MHC immunolabeling was detected with
Cy3 conjugated secondary antibodies while MyoD was detected with FITC-labeled secondary antibody. Nuclei were counterstained with DAPI. Merged
images are shown for DAPI and either Pax-3, Pax-7, MyoD, or MHC (A–H). For the positive control, a merged image of MyoD and MHC immunostaining is
shown (I). Immunostaining with Pax-3 antibodies was performed on two independent samples while immunostaining with all other antibodies was performed
on a minimum of three independent samples.
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MHC expression in control explants (Fig. 3G), but not in
Wnt-3a-treated explants (Fig. 3H). These cells were mor-
phologically distinct from MHC positive cells that arise
from coculturing somites with adjacent tissues (Fig. 3I) and
did not express MyoD (data not shown). Whereas the results
with Pax-3, Pax-7, and MyoD were highly reproducible, this
population of MHC positive cells was only detected in four
out of seven experiments. These results raise the possibility
that Wnt-3a is capable of repressing the differentiation of a
subpopulation of myogenic cells and are consistent with the
ability of Wnt-3a to repress terminal differentiation of
muscle in wing bud micromass cultures (Anakwe et al.,
2003).To determine if the responsiveness of explants is depen-
dent on the axial level from which the tissue was derived,
we cultured segmental plate, somites I–III and somites IV–
VI in the presence or absence of Wnt-3a and determined the
percentage of Pax-7-positive nuclei. Preliminary immuno-
histochemical analysis of HH stage 10 embryos has shown
that Pax-7 protein appears to be present in virtually all cells
in the somite at the level of somite I and restricts to
approximately 90% of the cells by somite VI (data not
shown). Consistent with the loss of Pax-7 transcripts in the
absence of adjacent structures, Pax-7 protein was complete-
ly absent in control cultures. Whereas 26% of the Wnt-3a-
treated cells at the level of segmental plate express Pax-7,
52% and 47% of the cells at the level of somites I–III and
Fig. 4. Wnt-3a promotes proliferation, but does not affect apoptosis in explant somite cultures. Somites I– III from HH stage 10 embryos were dissected away
from all adjacent tissues. Explants from one side of the embryo were cultured in the absence of Wnt-3a (A,C) while explants from the contralateral side of the
embryo were cultured in the presence of Wnt-3a (B,D). After 2 days of culture on gelatin-coated slides, explants were either immunostained with antibodies
against phospho-histone H3 (with Cy3 conjugated secondary; A,B) or subjected to TUNEL analysis (detected with Texas Red; C,D). Nuclei were
counterstained with DAPI. Details pertaining to quantitation are in Materials and methods. Whereas a significant increase in the presence of mitotic cells is
observed in Wnt-3a-treated cultures, no difference in the number of apoptotic fragments was detected.
Fig. 5. Wnt-3a increases the percentage of proliferative cells in the
segmental plate, somites I– III and somites IV–VI of HH stage 10 embryos.
We quantitated the effects of Wnt-3a on proliferation by calculating the
percentage of phospho-histone H3 positive cells in the absence or presence
of Wnt-3a. Explants were cultured for either 24 or 48 h before
immunostaining. These data represent cells counts from eight randomly
chosen fields (n = 8; 20 objective; each field contained approximately
1000 cells) from four separate experiments.
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shown). These data indicate that somites I–III and IV–VI
are mildly more responsive than segmental plate (P < 0.01
for multiple comparison analysis). Interestingly, not all Wnt-
3a-treated cells express Pax-3 or Pax-7 (Figs. 3A–D)
although doses of Wnt-3a that cause maximal induction of
h-catenin in an L cell assay were used (data not shown;
manuscript in preparation). We do not know if the inability
of Wnt-3a to maintain and/or induce protein expression in
the same percentage of cells as observed in wild-type
somites reflects the normal restriction of Pax-3 and Pax-7
expression over a 48-h time period in vivo or if it is a by-
product of the culture system.
Wnt-3a stimulates proliferation, but does not alter
apoptosis, in explant cultures
Two observations compelled us to examine proliferation
and apoptosis in Wnt-3a-treated cultures. First, Pax-3 activ-
ity is correlated with proliferation, inhibition of differenti-
ation, and/or cell survival in a variety of systems (Amthor et
al., 1999; Borycki et al., 1999; Epstein et al., 1995;
Mennerich and Braun, 2001). Additionally, Wnt-3a-treated
explants were clearly larger than control explants. Cumula-
tively, these data suggested that treatment with Wnt-3a
cause either an increase in cell size, an increase in prolifer-
ation, a decrease in differentiation, a decrease in apoptosis,
or some combination thereof. Wnt-3a-treated explants in-
deed had significantly more DAPI-labeled nuclei, suggest-
ing that the increase in the area of the explanted tissue was
due to the presence of additional cells and not merely anincrease in cell size. To test for a possible increase in
proliferation, we immunostained explants with anti-phos-
pho-histone H3, which labels cells in M phase (Hendzel et
al., 1997; Wei et al., 1999). Immunostaining of cultures with
anti-phospho-histone H3 revealed a statistically significant
(P < 0.0001) enhancement of the percentage of cells
undergoing proliferation at all three axial levels (Figs.
4A–B and 5). Consistent with results obtained for the
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segmental plate is less responsive to Wnt-3a than somites
I–III and IV–VI. However, this difference is less significant
(P < 0.2) than observed for Pax-7 (P < 0.01). We also
analyzed apoptosis using terminal deoxynucleotidyl trans-
ferase mediated dUTP nick end labeling (TUNEL). Quan-
titation of apoptotic fragments revealed no significant
difference between control and Wnt-3a-treated explants
(Figs. 4C–D). Together, these data demonstrate that Wnt-
3a increases proliferation in segmental plate and somites
I–VI, but does not alter apoptosis.
Ectopic Wnt-3a protein is detected close to the site of
synthesis in vivo
To confirm and extend our results in vivo, we ectopically
expressed Wnt-3a in the neural tube via electroporation. We
chose to electroporate the neural tube rather than somites
because we reasoned that ectopic expression of Wnt-3a in
the neural tube would more closely mimic normal Wnt-3a
signaling. Electroporations resulted in the expression of
GFP in the neural tube from the level of the forelimb toFig. 6. Ectopic expression of chick Wnt-3a. A diagram depicting the salient elem
promoter is used to drive the expression of a bicistronic mRNA, which contains th
(IRES) and eGFP with a nuclear localization sequence (NLS). HH stage 11–14 e
before electroporation. Electroporated cells are marked by the expression of GFP. E
hindlimb. A dorsal view of embryos at 24 h (A) and 48 h (E) post-electroporation is
through the neural tube (B,F). Electroporated cells are present in the right half of th
antibodies directed against Wnt-3a demonstrates the co-expression of Wnt-3a (C,the level of the hindlimb (Figs. 6A,E). The presence of Wnt-
3a protein was confirmed at 24 h (Figs. 6A–D) and 48 h (Figs.
6E–H) post-electroporation by immunostaining with anti-
Wnt-3a MAbs developed in our laboratory (manuscript in
preparation). Under the conditions used in these experiments,
these antibodies do not recognize endogenous Wnt-3a. Due
to the presence of the IRES sequence in the electroporation
construct (Megason and McMahon, 2002), the Wnt-3a
protein and nuclear targeted GFP were independently
translated. As expected, Wnt-3a protein was visualized in
cells that were also expressing GFP. While Wnt-3a is
robustly expressed at 24 h post-electroporation, its levels
appear to decrease relative to GFP by 48 h post-electro-
poration, suggesting that Wnt-3a protein does not perdure
as long as GFP. Consistent with the localization of Wnt
proteins in COS cells (Burrus and McMahon, 1995), bright
immunostaining around the perimeter of the nucleus sug-
gests the presence of Wnt-3a protein in the endoplasmic
reticulum/secretory pathway. However, we did not detect
any Wnt-3a protein diffusing away from the site of syn-
thesis. This could indicate that Wnt-3a acts over very short
distances or that the antibody epitope on secreted Wnt-3a isents of the Wnt-3a expression construct is shown (top). The chick h-actin
e Wnt-3a coding sequence followed by an internal ribosome entry sequence
mbryos were injected in the neural tube at the level of the segmental plate
xpression typically extends from the level of the forelimb to the level of the
shown. The localization of GFP to the nucleus is seen in transverse sections
e neural tube as well as in migrating neural crest (B,F). Immunostaining with
G). NC = neural crest; NT = neural tube.
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we often observed expression in migrating neural crest cells
(Figs. 6D,H).
Ectopic expression of Wnt-3a causes a mediolateral
expansion of the dermomyotome and the myotome
To determine the effect of ectopic Wnt-3a on somite
patterning, we immunostained for Pax-3, Pax-7, MHC, and
MyoD. Consistent with previous results (Megason and
McMahon, 2002), we see a ventral expansion of both
Pax-3 and Pax-7 in the electroporated side of the neural
tube (Figs. 7C–D). We also see a kink in the ventral neural
tube, which is presumably caused by the increase in
proliferation (Figs. 7C–F; Megason and McMahon, 2002).
At 48 h post-electroporation (HH stage 21–22), comparison
of the experimental side of the embryo to the control side ofFig. 7. Analysis of gene/protein expression in embryos that are ectopically expressi
immunolabeling (B–F) either 24 h (A,B) or 48 h (C–F) post-electroporation. At 24
causes a reduction of Pax-1 expression as compared to the control side of the e
expansion (B). At 48 h post-electroporation (HH stage 21–22), Pax-3 (C) and Pax-
response to Wnt-3a. The myotome, which is marked by immunostaining with antib
to Wnt-3a. The arrow in E points to the kink in the neural tube. DM = dermomy
notochord; NT = neural tube.the embryo demonstrated a 1.15-fold increase in area
demarcated by Pax-3 and Pax-7 expression in the dermo-
myotome (Figs. 7C–D and 8). Although not visually
obvious, we have documented this increase in the area of
the dermomyotome by careful quantitation (Fig. 8). We also
found that the area of MyoD and MHC expression in the
myotome was noticeably expanded on the experimental side
(Figs. 7E–F). Quantitative measurements confirm a 1.82-
fold increase in the size of the myotome (Fig. 8). In previous
experiments in which Wnt-3a-expressing cells were injected
directly into somites, the myotome was greatly enlarged and
had altered morphology (Wagner et al., 2000). By contrast,
we observe an enlarged, but otherwise normal looking
myotome. It is likely that this difference can be ascribed
to the different methods of introducing Wnt-3a or the
expression of additional factors by the Wnt-3a-expressing
cells.ng Wnt-3a. Embryos were subjected to in situ hybridization (A) or antibody
h post-electroporation (HH stage 16–17), the ectopic expression of Wnt-3a
mbryo (A). However, Pax-7 expression does not exhibit a commensurate
7 (D) mark the domain of the dermomyotome, which is slightly expanded in
odies against MyoD (E) and MHC (F), is substantially enlarged in response
otome; DML = dorsomedial lip; M = myotome; NC = neural crest; NOT =
Fig. 8. The loss of ventral cell fates precedes the expansion of dorsal cell fates. To quantitate the change in the gene/protein expression patterns in the somite,
we measured the areas of expression in multiple transverse sections. While the reduction of the Pax-1 expressing area is significant ( P < 0.01) at 24 h post-
electroporation, there is no significant increase in the size of the Pax-7-expressing domain. However, by 48 h post-electroporation, the dermomyotome and the
myotome are both significantly increased in size. N = number of embryos; n = number of sections.
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distinguish which cellular processes are responsible for
the Wnt-3a-induced expansion of the dermomyotome and
the myotome. First, to test for a possible role in lineage
specification, we extended our analysis of the expression
of sclerotomal, dermomyotomal, and myotomal markers in
embryos 24 and 48 h post-electroporation. In 24-h embry-
os (HH stage 16–17), we see a significant loss of Pax-1
mRNA expression, but no significant expansion of Pax-7Fig. 9. Wnt-3a has a proliferative effect on somite cells. To assess the role of prolif
post-electroporation were immunostained with anti-phospho-histone H3 antibodi
analyzed by confocal microscopy. High-magnification images of h-catenin stainin
characteristic kink in the neural tube.protein expression (Figs. 7A–B and 8). Thus, at this
early time point, it does not appear as though a simple
lineage switch of ventral to dorsal cell fates has occurred.
In contrast, embryos cultured for 48 h post-electropora-
tion (HH stage 21–22) have expanded domains of
expression for both dermomytomal and myotomal
markers (Figs. 7C–F and 8) while continuing to exhibit
a diminished domain of Pax-1 expression (data not
shown).eration, transverse sections from embryos at both 24 h (A,B) and 48 h (E,F)
es and either Pax-7 or h-catenin antibodies. Immunostained sections were
g (C,D,G,H) were used to determine cell areas. The arrow in F points to the
Fig. 10. An increase in proliferation precedes the expansion of dorsal cell
fates. To examine the role of proliferation in the expansion of dorsal cell
fates, electroporated embryos were immunostained with anti-phospho-
histone H3 antibodies and either Pax-7 or h-catenin antibodies. At 24 h post-
electroporation, cells in mitosis were counted in the Pax-7-positive region.
At 48 h post-electroporation, mitotic cells were counted in either the
dermomyotome (as indicated by Pax-7) or the myotome (as indicated by
h-catenin). Because the thickness of our sections was slightly variable, we
first normalized our data back to section thickness. We then normalized
data to the area of the region we were measuring. Additional details
pertaining to quantitation are in Materials and methods. N = number of
embryos; n = number of sections.
Fig. 11. Wnt-3a does not affect cell survival in somites of electroporated
embryos. TUNEL analysis was performed on embryos at 24 h (A) and
48 h (B) post-electroporation to assess apoptosis. Although an edge effect
was sometimes observed in the ectoderm, quantitation of apoptotic
fragments in the somites revealed no quantitative differences between
electroporated and control sides of the embryo.
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the dermomyotome and myotome, we immunostained sec-
tions from electroporated embryos with anti-phospho-his-
tone H3 antibodies (Hendzel et al., 1997). We chose to
immunostain with these antibodies rather than assaying for
the incorporation of BrdU as the incorporation of BrdU into
the genome has been found to affect MyoD gene expression
(Tapscott et al., 1989). To specifically address proliferation
in dorsal/dermomyotomal cells of 24 h embryos, we co-
immunostained with Pax-7. To assess proliferation in the
dermomyotome and myotome of 48 h embryos, we co-
immunostained with either Pax-7 or h-catenin. Whereas
Pax-7 immunolabeling demarcated the dermomyotome, h-
catenin immunolabeling outlines all cells and allowed us to
easily count proliferative cells in the myotome. Although our
h-catenin immunostaining effectively labeled the plasma
membrane of cells, we did not detect the accumulation of
nuclear h-catenin in response to Wnt-3a (Figs. 9C,D,G,H).
We found that there was indeed an increase in number of
proliferative cells in both the dermomyotome (Figs. 9A,E)
and the myotome (Fig. 9F) of the experimental side of the
embryo as compared to the control side (and to embryos
electroporated with empty vector). For the 48-h embryos,
this result was not unexpected as larger structures with more
cells would be expected to have commensurately more
proliferative cells. To account for possible differences in cell
numbers, we normalized our data back to the area of the Pax-7- and h-catenin-expressing domains. This means of nor-
malization is only valid if the density of the cells, and hence
the size of the cells, is unchanged. To determine whether the
cell size was indeed unchanged, we measured the average
area of cells at both 24 and 48 h by using h-catenin
immunolabeling to outline cells (Figs. 9C,D,G,H). At 24
h post-electroporation, we observe no change in the size of
Pax-7-expressing cells on the electroporated side of the
embryo as compared to the contralateral side (Figs. 9C,D).
When we then divide the number of proliferative cells by the
area of the Pax-7 domain, we find that there is indeed a
statistically significant 1.18-fold increase in the proliferation
of these cells (P < 0.04; Fig. 10). Further analysis shows that
this significant increase in proliferation is observed in
immature somites that are largely epithelial in nature as well
as in more mature somites that have already formed myo-
tomes (data not shown). Control experiments in which
embryos were electroporated with empty vector (pCIG
alone) reveal no statistically significant differences in pro-
liferation between the experimental and control sides of the
embryos at 24 h post-electroporation (data not shown). By
48 h post-electroporation, there is no statistically significant
L.M. Galli et al. / Developmental Biology 269 (2004) 489–504 501change in proliferation in either the dermomyotome or the
myotome. It is possible that this result is a reflection of the
decline of ectopic Wnt-3a expression over time or the
increased distance between the neural tube and the bulk of
the dermomyotome/myotome over time. Interestingly, when
we examined cell size in 48 h embryos (HH stage 21–22),
we found that the size of the myotomal cells on the Wnt-3a-
treated side of the embryo was 1.13-fold larger than on the
control side (P < 0.01) while the size of the dermomytomal
cells was unchanged (Figs. 9G,H). Consistent with the
results from our explant studies, these data suggest that
the observed increase in proliferation in dorsal/dermomyo-
tomal cells in 24-h embryos precedes the formation of the
dermomyotome and myotome and significantly contributes
to the expansion of these structures in Wnt-3a-treated
embryos.
Lastly, we tested for Wnt-3a-induced changes in apo-
ptosis. Our TUNEL analysis revealed that there is very
little apoptosis occurring in pCIG control embryos (data
not shown), suggesting that a diminution of the levels of
apoptosis would be insufficient to account for the expan-
sion of the dermomyotome and myotome. Consistent with
this line of reasoning, TUNEL analysis revealed no differ-
ences in apoptosis between the control and experimental
sides of embryos electroporated with the Wnt-3a construct
(Figs. 11A,B).Discussion
In this paper, we have demonstrated a clear proliferative
role for Wnt-3a both in explant cultures and in vivo. In
explants, Wnt-3a causes an increase in the percentage of
proliferative cells at all axial levels. Consistent with these
data, ectopic expression of Wnt-3a in the neural tube of chick
embryos causes a statistically significant increase (P < 0.04)
in the percentage of proliferating cells in the region marked
by Pax-7 expression in both immature and mature somites at
24 h post-electroporation. This increase in the proliferation
of dorsal/dermomyotomal cells occurs before the expansion
of the dermomyotome and myotome. Although a 1.18-fold
increase in proliferation is fairly subtle, the effect of increas-
ing proliferation by this amount over the course of three 9–
10 h cell cycles during the peak expression period (Primmett
et al., 1989) would increase the number of cells by a factor of
1.64 (1.183). If one also takes into account the fold increase
in the area of the myotomal cells, which is 1.13-fold, these
calculations predict a 1.85-fold (1.64  1.13) expansion of
the myotome. This is almost precisely what was observed.
While there are several sources of variability that have not
been accounted for in these calculations, they demonstrate
that subtle differences in proliferation can have substantive
effects on the size of a structure. These data are consistent
with reported proliferative effects of Wnt protein in the
developing neural tube and limb. In the neural tube,
ectopic Wnt-3a expression causes a 1.1-fold to 2-foldincrease in proliferation depending on the region analyzed
(Megason and McMahon, 2002) while in the limb, loss of
Wnt-5a activity results in a 1.15-fold loss of proliferation
and is accompanied by a failure of limb outgrowth (Yama-
guchi et al., 1999). Likewise, Miller et al. have performed
exhaustive studies, which show that extremely small
changes in proliferation have dramatic effects on the
patterning of various structures in the developing chick
(Miller, 1982; Miller and Olcott, 1989; Miller et al., 1993,
1994, 1999).
While the timing and amplitude of the proliferative effect
are consistent with proliferation being the primary effect of
Wnt-3a, we have considered many other mechanisms of
action. For instance, if the expansion of dorsal structures
were due to a conversion of ventral to dorsal lineages, we
would expect that the loss of Pax-1 expression would be
accompanied by an expansion of Pax-3 and/or Pax-7 ex-
pression. Consistent with the observations of Capdevila et
al. (1998) and Ikeya and Takada (1998), we do not observe
this. Likewise, if the primary role of Wnt-3a was to promote
myogenesis, we would expect that Wnt-3a would be able to
induce the expression of MyoD (and possibly MHC) pro-
tein. Although we do see an increase in Myf-5 and MyoD
transcripts in explant experiments, we observe no induction
of MyoD or MHC proteins. As Pax-3 has been shown to be
indirectly upstream of MyoD (Maroto et al., 1997; Taj-
bakhsh et al., 1997), we think it likely that the induction of
MyoD transcripts observed in our experiments is secondary
to the induction of Pax-3/7 protein (until antibodies against
chick Myf-5 become available, we cannot assess whether
Wnt-3a can upregulate Myf-5 protein independent of Pax-
3/7). Furthermore, if Wnt-3a were driving cells toward a
myogenic fate in vivo, we would expect that the expansion
of the myotome would come at the expense of the dermo-
myotome. However, we see an expansion of both the
dermomyotome and the myotome. Another possibility is
that Wnt-3a promotes the terminal differentiation of muscle
cells. In this case, we would expect that an initial expansion
of the myotome would be followed by a reduction in the
myotome due to the premature differentiation of mitotically
competent precursors. We have not observed a reduction in
myotome size over the time period analyzed (0–48 h post-
electroporation). Due to the transient expression of electro-
porated genes, we have not analyzed later time points.
However, the observation that Wnt-3a causes an increase in
proliferation rather than a decrease in proliferation provides
solid evidence that Wnt-3a does not promote terminal
differentiation.
As Pax-3 has been shown to induce proliferation (Men-
nerich and Braun, 2001) as well as inhibit terminal differ-
entiation (Epstein et al., 1995) of myogenic cells, it is
important to note that the observed increases in the percent-
age of mitotic cells in our 24-h embryos could reflect either
an increase in proliferation or a delay in differentiation.
While the ability of Wnt-3a to inhibit the differentiation of a
subpopulation of MHC-positive cells in explant cultures is
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cultures (Anakwe et al., 2003), preliminary data argues for
a role in proliferation. First, when explant cultures are
grown in the presence of adjacent tissues, MHC protein is
induced within 48 h in both the presence and absence of
Wnt-3a (data not shown), suggesting that Wnt-3a does not
inhibit terminal differentiation. Furthermore, the presence of
differentiated cells in the myotome immediately upon its
formation in Wnt-3a-treated embryos also suggests that
Wnt-3a does not inhibit differentiation (data not shown).
Thus, cumulatively, our data indicate that the primary role of
Wnt-3a in somites is to promote proliferation.
We do not know if the increase in proliferation we are
observing is general to all cells in the dermomyotome or
specific for a subset of progenitor cells. Interestingly, preli-
minary data indicates that the myotome is expanded from
the moment that it emerges from the DML (data not shown).
These data are consistent with the existence of a population
of mitotically competent progenitor cells in the DML
(Denetclaw et al., 1997; Huang and Christ, 2000; Ordahl
et al., 2001; Venters and Ordahl, 2002). If this is the case,
one might expect to see that the increase in proliferation in
the dermomyotome is localized to the DML; this is not
observed in our experiments. However, Venters and Ordahl
(2002) have shown that the dermomyotome sheet is com-
petent to generate progenitor cells when placed in the
signaling environment of the DML. By ectopically express-
ing Wnt-3a such that it was expressed more ventrally than
endogenous Wnt-3a, we may have also expanded the region
that gives rise to progenitor cells. Our data are less conso-
nant with the notion that the primary myotome is formed by
post-mitotic pioneer cells (Kahane et al., 1998) as this
model does not readily explain how enhanced proliferation
in the dermomyotome would cause an increase in the size of
the primary myotome (unless Wnt-3a acts before these cells
become post-mitotic).
In light of the recently established role of Wnt-3a in
segmentation (Aulehla et al., 2003), the ability of Wnt-3a to
induce proliferation at the level of the segmental plate in
explant cultures is also of interest to us. It is certainly
tempting to speculate that there is a link between the cell
cycle clock and the segmentation clock.
The ability of purified Wnt-3a to maintain and/or induce
Pax-3/7 gene and protein expression as well as proliferation
in explants within 24 h provides strong evidence that these
responses are indeed primary effects. However, we cannot
rule out the possibility that Wnt-3a induces the explants to
produce a secondary factor that then causes the observed
effects. The important point is that the use of purified Wnt-
3a has allowed us to rule out the possibility that non-
physiologically relevant secondary factors produced by
Wnt-expressing cells in the cultures were the source of the
observed effects. Although data from Capdevila et al.
(1998) suggest that the effects of retrovirally expressed
Wnt-1 are indeed direct effects, our data from the electro-
porations do not directly address whether the observedeffects on gene/protein expression and proliferation are
primary or secondary responses to Wnt-3a. However, this
is a less significant concern as it is quite possible that
endogenous Wnt-3a might also act through some sort of
secondary signaling relay.
Given that Wnt-1 and Wnt-3a are functionally redundant
(Ikeya and Takada, 1998; Ikeya et al., 1997; Shimizu et al.,
1997; Wong et al., 1994) and that ectopic expression of either
Wnt-1 or activated h-catenin in somites gives a similar
phenotype (Capdevila et al., 1998), we believe that Wnt-3a
is likely acting through the canonical Wnt signaling pathway.
We predict that our inability to detect nuclear h-catenin is a
technical issue rather than an indication that Wnt-3a is
utilizing an alternate signaling pathway. Investigations are
ongoing to determine if h-catenin/TCF acts directly on Pax-3
and Pax-7 regulatory elements to induce transcription.
These studies have elucidated a clear proliferative role for
Wnt-3a in the somite. Although we show that Wnt-3a is
sufficient to expand the dermomyotome and myotome, we
know that it is only required (in conjunction with Wnt-1) for
the proper expansion of the medial dermomyotome (Ikeya
and Takada, 1998). Thus, it seems likely that the coordinated
expression and regulation of other signaling factors that
promote proliferation will be required for proper expansion
of the remainder of the dermomyotome.Acknowledgments
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